To identify and provide a global assessment of dna methylation in fetal ventricular septal defect (VSd), genomic dna extracted from fetal myocardial tissue samples with VSd (n=21) and from normal fetal myocardial tissue samples (n=15) was analyzed for gene methylation using array-based technology. Furthermore, the Kiaa0310, raB43, SiVa1 and ndrG2 genes were randomly selected for validation analysis using methylation-specific PCR. Our results revealed that 70 and 85 genes were regulated by hypermethylation and hypomethylation, respectively, in VSd. different clusters of genes were associated with functions including embryo development, signal transduction, cell apoptosis and cell proliferation. In conclusion, this study identified a set of candidate genes whose expression is regulated by dna methylation in fetal VSd.
Introduction
congenital heart disease (cHd) is the most common type of developmental defect, occurring in almost 1% of all neonates (1) . Ventricular septal defect (VSd) is the most commonly recognized cHd (2) . VSd may exist alone or as an integral part of complex cHd (3) . VSd is a multifactorial complex disease, in which genetic and environmental factors play important roles. despite the availability of several surgical techniques to treat VSd, the exact molecular mechanism of this type of cHd remains unclear.
dna methylation has been widely recognized as a potent mechanism for silencing gene expression and maintaining genome stability (4) . dna methylation is the predominant epigenetic alteration occurring in mammalian genomes, and plays a critical functional role in development, differentiation and disease (5) . Previous studies have revealed that during embryonic development, the mammalian genome undergoes profound reprogramming of dna methylation patterns in the germ and early pre-implantation embryos (6) . Furthermore, the different prototypes of genes in each cell, tissue and organ are thought to be regulated by dna methylation even during early development (7) .
The recent advent of array-based techniques offers the opportunity for more comprehensive DNA methylation profiling (8) . Comparing the DNA methylation profiles of myocardial tissue samples from VSd and normal fetuses, we provide novel information for identifying gene methylation that may be implicated in the pathological consequences of VSd.
Materials and methods
Tissue samples. Fetal myocardial tissue samples were obtained from nanjing Maternal and child Health Hospital. Myocardial tissue samples from 21 VSd and 15 normal fetuses at 26 weeks of gestation were obtained during surgery for pregnancy termination owing to trauma of the pregnant women. all samples were collected with the approval of the appropriate institute ethics committee, and written consent was provided by each pregnant woman and her family. The speciments were immediately snap frozen in liquid nitrogen and then stored at -80˚C until analysis.
DNA methylation profiling by methylated DNA immunoprecipitation. The methylation profiling by methylated DNA immunoprecipitation (MediP) assay was performed using 3 mg of sonicated genomic dna (300-1,000 bp) and 10 mg of antibody against 5-methylcytidine (Bi-MecY-1000; eurogentec) as previously described (9) . For Pcr, 20 ng of sonicated genomic input dna and 1/40 of an MediP reaction were used. In each array, seven unamplified MeDIP reactions were pooled and hybridized together with sonicated genomic input dna. Final promoter methylation log 2 ratios of bound over input signals represent the average of three independent experiments, including one dye swap.
Methylation-specific PCR (MSP)
. Four differentially regulated genes identified with promoter methylation microarray analysis were randomly selected for validation analysis by MSP. dna methylation patterns in the cpG islands of the KIAA0310, RAB43, SIVA1 and NDRG2 genes were determined by chemical treatment with sodium bisulfite and subsequent MSP, according to a previously described method (10) . Primer sequences of these genes are described in Table i . Primers were purchased from invitrogen (uSa). Myocardial tissue dna samples, either original or methylated in vitro by excess cpG (Sss.i) methyltransferase (neB, uSa), were used as positive controls for unmethylated and methylated dna, respectively. distilled water was used as a negative control.
Statistical analysis. Statistical analysis was performed using the χ 2 test or Fisher's exact test and the Student's t-test if the data followed a normal distribution. a P-value of <0.05 (two-sided) was regarded as statistically significant. All data were analyzed with SPSS 13.0 for Windows.
Results
Methylation profiles of fetal ventricular tissue. a promoter methylation microarray was used to evaluate 21 ventricular tissues samples from VSd fetuses and 15 samples from normal healthy controls. The array identified 70 and 85 candidate genes regulated by hypermethylation and hypomethylation, respectively, in VSd (Table ii) .
Validation of the microarray results by MSP.
To further evaluate and validate the results obtained by the microarrays, MSP analysis was performed in four randomly selected differentially expressed genes. Both hypermethylation and hypomethylation genes were selected in the ventricular tissues of the VSd fetuses for subsequent MSP analysis. representative gel images of these four genes are shown in Fig. 1 . overall, the hypermethylation rate of RAB43, NDRG2 STiP1 homology and u-box containing protein 1 
Discussion
Currently, pre-natal diagnosis of VSD is relatively difficult and surgical treatment of VSds carries both mortality and morbidity risks, even though it is the most common open heart procedure performed in pediatric cardiac surgery (11, 12) . The heart is the first organ to form during embryogenesis, and its development is controlled by a series of important genes (13) . epigenetic processes, including dna methylation, are thought to control gene expression during the differentiation and development of cardiac tissues (14, 15) . The relationship between dna methylation and heart development is currently the focus of cHd studies. in the present study, we utilized promoter methylation microarray technology to obtain an overall profile of the gene methylation of myocardial tissue in fetal VSd. our analysis identified 70 and 85 genes regulated by hypermethylation and hypomethylation, respectively, in VSd. These genes are involved in embryo development, signal transduction, cell apoptosis and cell proliferation.
SSR1 and NDRG2 were found to be hypermethylation genes. SSr1 is a subunit of the translocon-associated protein (TraP) complex (16) . Human and mouse studies have revealed that SSr1 is maternally supplied until the eight-cell stage, and is then constitutively expressed during embryogenesis (17) . Previous studies have suggested that SSr1 plays a crucial role in mammalian heart development and may be involved in the translocation of factors necessary for the maturation of endocardial cushions. For example, homozygous SSR1 mutant pups die at birth, possibly as a result of severe cardiac defects (18) . NDRG2 is one of the four members of the new ndrG (n-myc downstream-regulated gene) family (19) (20) (21) .
Previously, the expression of ndrG2 mrna was examined in mouse embryos and in adult human hearts (22, 23) . during mouse development, ndrG2 protein expression was observed in the heart as early as e9.5, and was present at higher levels in the heart atria between e14.5 and e17.5 (24) . in this study, we found that the proportion SSr1 and ndrG2 promoter hypermethylation was significantly higher in the VSD cases than in the controls. We speculate that the SSR1 and NDRG2 genes may display silencing by aberrant methylation during cardiac morphogenesis and maturation in fetuses with VSd.
The endoplasmic reticulum (er) is a multifunction organelle involved in the synthesis and packaging of proteins (25) . er functions are disturbed by various stress conditions (er stress), including the inhibition of protein glycosylation, the reduction of disulfide bond formation, calcium depletion from the er lumen and the impairment of protein transport from the er to the Golgi (26) . Several lines of evidence indicate that er stress may be involved in the development of the embryonic heart. Mao et al (27) revealed that, during early heart organogenesis, Grp78 is activated through cooperation between cell type-specific transcription factors and endoplasmic reticulum stress response element (erSe)-binding factors. In this study, we screened and identified the promoter hypermethylation of the RAB43 and KIAA0310 genes in VSd tissues. Previous studies have found that overexpression and, to a lesser extent, small interfering rna depletion of Kiaa0310 inhibit er-to-Golgi transport (28) . raB43 has also been observed to play a role in anterograde trafficking of cargo from the er to the Golgi (29) . Therefore, we propose that the hypermethylation of RAB43 and KIAA0310 leads to er-to-Golgi transport dysfunction, which further leads to the occurrence of er stress. er stress is thought to contribute to the development of the abnormal embryonic heart, including VSd. dna hypomethylation is linked to genetic instability characterized by chromosomal aberration and elevated mutation rates (30) , and may lead to the loss or silencing of gene function (31, 32) . in this study, we evaluated the promoter hypomethylation of 85 genes in VSd. among the genes examined, the apoptosis-related genes SIVA1 and MDM2 showed hypomethylation in the VSd, but not in the control, samples. Hypomethylation is a crucial step in the transformation of the endocardial cushion to ventricular septum in the development of the embryonic four-chambered heart. The development of the form and structure of the endocardial cushion is accompanied by precise patterns of abundant cell death, which has the morphological features of programmed cell death (apoptosis) (33) . Hypomethylation of SIVA1 and MDM2 may lead to the the loss of mitotic function, which regulates mitotic balance in tissue renewal.
In conclusion, we used methylation profiling to identify a set of candidate genes whose expression is regulated by dna methylation in VSD. The methylation profiling also identified additional candidate genes for future investigation.
